In the paper, the energy harvesting from vibration of two-degree-of-freedom mechanical system is analyzed. The considered system consists of two mass linked in series by means of springs and dampers. The kinematic excitation of the system was assumed. The energy conversion system was placed in the suspension of lower mass. As a result of the analysis, the methods to increase the energy harvesting from vibration were proposed. The laboratory stand has been built and a series of measurements performed. Results of numerical simulations and measurements are presented in graphs.
Introduction
Recently there has been a growing interest in energy harvesting from mechanical systems executing vibrations [13] . In harvesting systems, some part of mechanical energy is converted into electrical energy by means of special energy subsystems [4, 5] and is saved in capacitors [6] or rechargeable batteries. The energy conversion is realized by using linear DC motors or piezoelectric devices. The energy storage takes place in electrical networks containing bridge rectiers and capacitors or batteries. Recently, a number of studies were published (cf. [7] as an example) on replacing bridge rectiers with power-electronic switches in rectier circuitry. In order to be able harvest as large amount of energy as possible, both processes energy conversion and energy storage should be optimized.
In the paper, the strategy to increase the energy harvesting from vibration of a two-degree-of-freedom (DOF) mechanical system is analyzed. Guidelines for the energy conversion and the energy storage process are formulated. The eciency of the energy storage process is mainly associated with the speed of charging the capacitors. A special eciency coecient was introduced in calculations to take this into account.
The considered system consists of two mass linked in series by means of springs and dampers. Such structure is often used as a simple model of suspension systems. The kinematic excitation of the system was assumed. The energy conversion system was placed in the suspension of the lower mass.
Description of the system
Calculations and measurements were done for a system that is shown in Fig. 1 . The system consists of two masses that can be moved in vertical direction. The support of the system is connected with moving part of an exciter. * corresponding author; e-mail: snamina@agh.edu.pl The system may be a simple model of many dierent objects. For example, a quarter-car model has the same structure which is very commonly used for investigating dynamics of a car suspension [8] . Similarly, vibrations of sprung transport platforms can be, to the rst approximation, studied with the proposed model. Two linear motors are used in the laboratory stand.
The lower motor works as an exciter. The platform attached to the moving part of the motor moves according to the prescribed function z(t). The second motor, placed in the suspension of the lower mass, converts mechanical energy into electric energy. The force exerted by the linear motor is denoted by F (t) and it is applied to the lower mass and to the platform attached to the moving part of the motor.
Mathematical model
The proposed system is a simple 2-DOF mechanical system with energy harvesting subsystem consisting of a linear motor and an energy storage system. It was assumed that electric energy is accumulated in a capacitor.
In order to describe the state of the system, the mechanical subsystem and electrical subsystem should be considered separately. They are shown in Fig. 2 . 
where coordinates and coecients are described in Fig. 2 .
In the calculations, the simplest form of electromechanical coupling is assumed that can be realized by a permanent-magnet DC motor. In this model, the voltage u is related to relative velocity (ż −ẋ 1 ) and the force F is related to current i according to the following equations:
where κ 1 , κ 2 are the motor constants [9] . When κ 1 = κ 2 = κ the electric power equals mechanical power and the linear motor converts the electric energy into mechanical energy without any loss.
Equations of the electrical subsystem resulting from the Kirchho 's voltage law and basic properties of the capacitor can be written in the form:
where L is the inductivity and R is the resistance of the linear motor winding, and C is the capacitance of the capacitor. In further considerations, the simplest diode model called the ideal diode and dened as a device having zero resistance when forward-biased and innite resistance when reverse-biased will be assumed.
Equations (1)(3) In the assumed circuit, the speed of charging the capacitor is directly related with circuit time constant T that is the product of resistance R and capacitance C.
The speed of charging depends also on the source voltage increase rate. In calculations, the following formula describing the source voltage was assumed:
where T u is the time parameter and u 0 is the asymptotic voltage.
The source provides the energy for the circuit.
It should be accumulated in capacitor but due to the JouleLenz eect, a part of electric energy is turned into heat in the resistor. The dierential equation describing the charge q(t) owing in the circuit and accumulating in the capacitor has the following form:
Assuming that the capacitor was completely discharged at t = 0 and taking into account the formulae (4) describing the voltage u(t), the solution of Eq. (5) is
The above solution describing the capacitor charge as a function of time allows calculating the energy E c (t) accumulated in the capacitor:
where coecient α is the ratio of the source time parameter T u to the circuit time constant T . Electric energy E R converted into heat in the resistor can be calculated by rst determining the current as a function of time. Next, the energy converted into heat is calculated as the integral of the product of resistance and current squared. Electric energy E R converted into heat is nally described by the formula:
The energy storage eciency coecient η is dened as the ratio of the energy accumulated in capacitor (useful eect) to the source energy (expended energy) that is a sum of the energy accumulated in capacitor and the energy converted into heat:
Plots of the eciency coecient, versus dimensionless time τ = t/T u are shown in Fig. 4 for various values of coecient α. Assuming that duration of the process of charging the capacitor approaches innity (t → ∞), the eciency coecient value tends to the following limit:
The form of the formula (10) shows that the limit value of the eciency coecient is a simple function of the ratio α of the source time parameter T u to the circuit time constant T . If T u approaches zero, the source voltage takes the form of a step signal. Voltage u(t) reaches its maximum value u 0 extremely fast. In this case, the eciency is equal to 0.5 and this is the minimum possible value of this quantity. If the voltage u(t) reaches its maximum value u 0 slowly, the eciency is larger. This regularity is true independently of the circuit time constant T . The plot of the eciency coecient as a function of ratio of the source time parameter T u to the circuit time constant T is shown in Fig. 5 . Finally, we come to conclusion that the storage system with large capacitance and large charging rate has in general a small energy storage eciency.
Laboratory workstation
The laboratory workstation is presented in Fig. 6 .
The workstation structure is supported by frame (1) (2) and (6) . The displacement transmitters were selected in order to achieve a high measuring resolution of 0.01 mm for platforms (3) and (5), and 0.1 mm for platform (9) . Using the registered values of displacements x 1 (t), x 2 (t) and z(t), the frequency response curves were calculated for both upper and lower mass. They are shown in Fig. 9 . process. According to denition of the source time parameter, the larger is its value, the lower is the charging process rate.
Application of large capacitors in the charging circuit increases the circuit time constant. This can make eciency of the storage process unsatisfactory. In the energy storage system, proposed in the paper, the drop of eciency was essentially limited.
The proposed harvesting system can be connected with a vibration control system acting in the suspension of the upper mass. In this case, energy stored in capacitors could be supplied to the vibration control system.
A self-powered vibration control system can be formed in this way.
